Introduction
Long-term survival with good functional status is the ultimate aim of all surgical procedures, including cardiac surgery. Outcomes after cardiac surgery are recorded in most countries [1, 2] . Operative mortality, commonly defined as death in-hospital or within 30 days of surgery, [3] is low, with reported rates of approximately 2%, 5% and 7% for coronary artery bypass grafting (CABG), valve surgery and combined CABG and valve surgery, respectively. Long-term survival is lower, with 90%, 80% and 70% of these patients reported alive at 5 years, respectively [1] . The cardiac surgical processes and performance of the perioperative team not only impact on short-term mortality and the occurrence of complications [4] [5] [6] but may also influence long-term survival. Peri-operative complications such as stroke, new renal failure, deep sternal wound infection, sepsis and gastrointestinal complications have all been shown to be associated with reduced long-term survival [7] . Since long-term survival is important to patients, carers, clinicians and funders [8, 9] , it is vital to be able to measure how this is affected by peri-operative events.
Currently, while there are measures assessing individual outcomes, structures or processes, there is no single marker in common usage that represents events during the overall peri-operative process, nor one that has been validated for both short-and long-term outcomes. In addition, when assessing peri-operative events, both procedure type and baseline risk must be taken into account. For instance, worse long-term survival after cardiac surgery is associated with factors such as increased age, female sex, extremes of BMI, low ejection fraction, endocarditis, urgent surgery, left main coronary artery disease, diabetes, renal dysfunction, respiratory disease and previous cardiac surgery [1, 10, 11] .
The authors have developed acute risk change (ARC), a measure based on the difference in risk from the pre-operative to postoperative phase. The principle of ARC is that patients presenting to the intensive care unit (ICU) after cardiac surgery should have the same risk of death as they had before surgery. A rising ARC (a proportion more than zero) represents a higher risk of death postoperatively, while a falling ARC (proportion less than zero) represents a lower risk of death. A rising or falling ARC, therefore, may represent a change in patient status during peri-operative care and may, thus, be associated with 'negative' or 'positive' occurrences during the peri-operative period, respectively. In previous studies, ARC was shown to be associated with intra-operative events and morbidity at an individual and unit level [12, 13] . Although further validation is required, it is plausible that ARC may be useful to identify peri-operative team misadventure in the surgical period. In this study, we describe further evaluation of ARC. Our aim was to assess whether an increase in peri-operative risk after arrival in the ICU following cardiac surgery was independently associated with long-term mortality, after adjustment for baseline patient characteristics.
Methods
This study was approved by the Alfred Hospital Research Ethics Committee. We retrospectively analysed the combined Australian and New Zealand Society of Cardiac and Thoracic Surgeons Cardiac Surgery Database (ANZSCTS-CSD) and Australian and New Zealand Intensive Care Society Adult Patient Database (ANZICS-APD). The ANZSCTS-CSD contains patient data on all cardiac surgical procedures at participating hospitals including baseline characteristics, pre-, intraand postoperative data. The ANZICS-APD contains demographic, diagnostic and physiological data from the first 24 h of ICU admission for calculation of severity of illness scores such as the Acute Physiological and Chronic Health Evaluation (APACHE)-3 score. Both databases are regularly audited to assess reliability of submitted data [14, 15] . Linkage of the two databases was carried out by probabilistic matching and has been described previously [13] .
The combined database included 24,046 patients undergoing CABG and/or valvular surgery between January 2008 and October 2013. Patients with missing AusScore (required to calculate pre-operative risk of death, n = 1253), APACHE-3 score (required to calculate postoperative risk of death, n = 155) or hospital mortality data (n = 68) were excluded from the database, leaving 22,570 patients. Long-term mortality was provided by linkage with the Australian Institute of Health and Welfare's National Death Index. The censor date was 7th October 2014; this corresponded to a minimum and maximum follow-up time of 1.0 and 6.7 years, respectively.
The ARC for each patient was calculated by subtracting pre-operative risk from postoperative risk of death, representing an absolute difference in risk. A rising ARC value thus indicated an increase in mortality risk from the pre-operative to postoperative periods.
The pre-operative risk of hospital mortality was generated using logistic regression from the raw AusScore [2] , a pre-operative score indicating risk of death using baseline patient risk factors (age, comorbidities, etc.) and procedural factors (type of surgery, urgency), analogous to EuroSCORE-2 [16] . Similarly, a logistic regression model was used to generate postoperative risk of death from the surgical operative diagnosis and the APACHE-3 score, a severity of illness score routinely calculated following admission to Australian and New Zealand ICUs. Calibration and discrimination were assessed using area under the receiver operating curve, calibration plots and Hosmer-Lemeshow X 2 . Univariable analysis was undertaken to compare the demographics, characteristics and outcomes of those alive at 1 year to those who had died. All patients were included irrespective of whether they had died in hospital or after discharge.
Our primary outcome was mortality at 1 year. To assess whether ARC was independently associated with mortality at 1 year, patients were split into two groups: those with an increase in risk of death in the postoperative compared with the pre-operative period (i.e. rising ARC > 0, representing potential adverse occurrences during the cardiac surgical process); and those with reduced risk of death postoperatively (i.e. falling ARC < = 0, representing a potential 'good' peri-operative experience).
Variables associated with 1-year mortality (p < 0.1) on univariable analysis were included in a multivariable logistic regression model to identify factors independently associated with survival. We analysed ARC group and variables previously validated for short-or long-term mortality in other published studies [10, 17] . These included age group (< 50, 50-60, 60-70, 70-80, > 80 yrs); BMI (< 25, > = 25 kg.m À2 ); sex; urgency of surgery (elective or non-elective); previous cardiac surgery; shortness of breath using New York Heart Association category (> 2); ejection fraction (< 30%, 30-45%, > 45%); renal disease requiring dialysis; hypercholesterolaemia; peripheral arterial disease; cerebrovascular disease; haemodynamic shock; respiratory disease; diabetes; infective endocarditis; and type of procedure (coronary artery bypass graft surgery (CABG), valve or combined CABG/valve procedure). To determine whether the effect of ARC on 1-year survival varied according to baseline risk, an interaction term was fitted between ARC and baseline risk (AusScore). A sensitivity analysis using ARC as a continuous outcome was also carried out.
Time to death was analysed as a secondary outcome. For each of two groups, rising ARC and falling ARC, Kaplan-Meier survival plots were constructed and then stratified by initial baseline pre-operative risk of in-hospital death (low-, medium-and high-risk groups in tertiles). Comparisons were performed using the log-rank test for equality across strata.
To identify factors independently associated with survival, multivariable Cox regression analysis was performed using the same variables used in the primary outcome analysis. To determine if the relationship between ARC and survival time differed according to baseline risk, an interaction between ARC and baseline risk was fitted. The proportionality assumption was assessed using graphical methods. Model fit was assessed using Harrell's C-statistic.
To further account for potential differences between those with rising or falling ARC values, a matched propensity analysis was performed. Using all available data and the software 'MatchIt' [18] , a logistic regression model was used to determine the probability of 'allocation' to the rising ARC group, conditional on the covariates. Nearest neighbour matching with replacement was used to match each 'rising ARC' patient to a 'falling ARC' patient [19, 20] . Replacement allowed each rising ARC unit to be matched to more than one falling ARC unit. A weighting was given to each falling ARC unit reflecting the frequency with which it was used. Variables were transformed to dichotomous values prior to matching. Covariate balance was assessed after matching using difference in means. Cox regression was then repeated using the weighted propensity-matched database.
Multivariable logistic regression was undertaken to assess the association between an increase in perioperative mortality risk, measured by a rising ARC and mortality at 3 and 5 years after adjusting for baseline pre-operative risk of death (including only patients with sufficient 3-and 5-year data, respectively). To ensure that observed results were not driven by early deaths, an additional sensitivity analysis was performed after removal of patients who died within 30 days of surgery.
All statistical analyses except for propensity score matching were carried out using Stata 12.1 (StataCorp, College Station, TX, USA) [21] . 'R' was used for propensity score matching [22] . A p value of < 0.05 was considered significant.
Results
Complete baseline-risk data were available for 98% of the population (Table 1) . Non-survivors at 1 year were older and had a greater incidence of baseline risk factors. Non-survivors had higher baseline pre-operative AusScore scores and higher APACHE-3 scores after admission to the ICU. Discrimination and calibration for predicted hospital mortality using AusScore and APACHE-3 were good (Table 1 and Supporting Information, Fig. S1 ).
An increase in peri-operative mortality risk, as evidenced by a rising ARC, was more common in non-survivors at 1 year (48% vs. 35%, p < 0.001). The primary outcome, mortality at 1 year, was higher in the rising ARC group (5.6% vs. 3.5%, p < 0.001). After adjusting for baseline risk factors, a rising ARC was independently associated with an increased 1-year mortality (OR 2.6, 95%CI 2.2-3.0, p < 0.001) in multivariable analysis ( Table 2) . A sensitivity analysis considering ARC as a continuous variable demonstrated higher ARC values were also independently associated with increased mortality (Supporting Information, Table S1 ).
The nature of the relationship between ARC and mortality differed according to baseline risk (interaction p = 0.001). Figure 1 shows 1-year mortality stratified by baseline pre-operative risk profile. In the highest baseline-risk group, a rising ARC was associated with threefold 1-year mortality, compared with twofold in the lowest risk group. Similar differences in 1-year mortality were seen when ARC was further subdivided into sextiles ( Supporting Information, Fig. S2 ). Figure 2a shows Kaplan-Meier plots after dividing the cohort into two groups, falling ARC vs. rising ARC. Those with a rising ARC (i.e. an increase in peri-operative risk) had reduced survival (p < 0.001). Patients with a rising ARC had a 1-year survival of 94%, compared with those with a falling ARC who had a 1-year survival of 97%. Survival at 3 and 5 years was 90% and 82%, respectively, in the rising ARC group, compared with 92% and 87% in the falling ARC group. Figure 2b shows survival plots stratified by baseline pre-operative risk. The rising ARC group had reduced survival in all three baseline-risk groups (p < 0.001). Differences were more pronounced in patients with higher initial baseline pre-operative risk. In the highest baseline-risk group, patients who had a rising ARC had a 5-year survival of only 60% compared with those in the falling ARC group, who had a 5-year survival of 77%, an absolute difference of 17% (p < 0.001). In contrast, among the lowest baseline-risk group, the absolute difference in 5-year survival was 3% between the rising ARC group (5-year survival 91%) and the falling ARC group (5-year survival 94%) (p = 0.02).
After adjusting for baseline pre-operative risk factors, a rising ARC remained associated with a reduced survival (mortality hazard ratio 1.86, 95%CI 1.68-2.05, Figure 1 One-year mortality stratified by baseline risk of hospital mortality (low = 0-1%, n = 10605; medium = 1-2%, n = 4666; and high = > 2%, n = 7299). Chequered bars represent falling acute risk change (ARC), while paler solid bars represent rising ARC.
p < 0.001). The Cox proportional hazards model is shown in Table 3 . There was also a significant interaction between baseline risk (AusScore) and ARC group (p = 0.009), supporting the fact that ARC had a differential effect depending on the level of baseline risk. The C-statistic for the model was 0.78. A sensitivity analysis using ARC as a continuous variable showed similar findings and is presented in Supporting Information Table S2 . Propensity matching resulted in a well-balanced database of 8637 patients in the rising ARC group and 11,109 patients in the falling ARC group. Full covariate balancing statistics are shown in the online data supplement (Supporting Information, Table S3 ). An increase in peri-operative risk, indicated by a rising ARC, remained significantly associated with reduced survival time (mortality hazard ratio 1.73, 95%CI 1.56-1.91, p < 0.001).
After adjusting for confounding factors, a rising ARC was independently associated with increased mortality at 3 and 5 years (OR 1.88 (1.62-2.19) and 1.76 (1.40-2.20), respectively, p < 0.001). This relationship persisted when those who died before 30 days were removed from the dataset (1.49 (1.26-1.77) and 1.54 (1.21-1.96), respectively, p < 0.001).
Discussion
Our study showed that higher mortality risk following arrival in the ICU after cardiac surgery, as measured by a rising ARC, was independently associated with long-term mortality, not only at 1 year but up to 5 years after the procedure. These findings were consistent, irrespective of the type of analysis used.
In an ideal setting, cardiac surgery patients would have the same risk after surgery as they do before surgery (ARC = 0). There are a few important reasons for ARC not to be equal to zero. These are systematic variation in predicted risk of death and other sources of noise resulting in the generation of ARC; the presence of inaccurate risk scores (e.g. due to unmeasured (1-2%) ; bottom = high mortality risk (> 2%) (all plots log-rank p < 0.001).
patient risk factors or lack thereof); and the occurrence of adverse events in the immediate peri-operative period. For example, events such as inadequate myocardial protection or major haemorrhage could lead to a patient presenting to the ICU with a higher risk of death.
We investigated the first possibility using calibration plots and by plotting the relationship between risk scores and predicted risk of death. We were unable to identify systematic variation in mortality estimates that could have confounded the relationship between ARC and long-term survival. Nonetheless, it is still possible that noise influences the generation of ARC. The extent of the effect of noise remains difficult to quantify.
The second possibility is that there are unmeasured patient or surgical risk factors, not included in AusScore, that become apparent on risk assessment using the physiological variables in APACHE-3. The value of ARC could, therefore, represent the 'true' patient risk rather than be temporally related to intraoperative and immediate postoperative events. While we have made attempts to mitigate the possibility of both measurable and immeasurable patient risk affecting ARC by using multivariate analysis and propensity matching, these methods are not infallible. It is likely that in some cases, changes in risk (ARC) are associated with inaccurate risk scoring rather than true differences in peri-operative events. It follows that patients with higher baseline risk (albeit unmeasured) would have higher long-term mortality.
The third possibility is that a rising ARC is associated with peri-operative events. In this case, the mechanism by which a rising ARC may influence long-term survival deserves explanation. A rising ARC (ARC more than zero) refers to postoperative risk being higher after surgery than before, and thus perhaps that immediate peri-operative care did not go according to plan. The converse would be true for falling ARC. We can conceptualise this, albeit simplistically, into 'optimal' or 'non-optimal' peri-operative care. As such, non-optimal care is associated with higher acute and long-term mortality. Our previous studies suggest that rising ARC is associated with higher morbidity, these complications may then be associated with reduced long-term survival [12, 13] . In patients with higher baseline pre-operative risk profiles, a rising ARC was a more important finding, being associated with the highest long-term mortality rates. This may suggest that intra-operative events have the greatest effect on those who are the most fragile, the high-risk patients.
The occurrence of surgical, anaesthetic or other mishaps, for example, accidental vascular injury, failure to adequately revascularise or failed valve repairs, may lead to longer cardiopulmonary bypass times and physiological derangement, which could result in higher ARC. More subtle problems could include variation in processes, such as peri-operative team performance; unexpected intra-operative findings; surgical skill [23] and quality of pre-operative patient work-up [24, 25] . Not all of these complications may be documented in the notes. Acute risk change may, therefore, be a quantitative method of assessing the complex process of peri-operative care. The identification of high ARC could highlight patterns of peri-operative events amenable to practice change or intervention (e.g. myocardial protection or supervision). At present, these suggestions are speculative and the possibility of association of ARC with specific events requires further investigation to be confirmed. In reality, it is likely that noise, inaccurate risk scoring and adverse events are responsible for ARC. The relative contribution of each is unclear, but may be determined in future studies linking changes in ARC back to patients and subsequent case note review. A new and more comprehensive risk scoring system, with shared variables between the pre-operative and postoperative risk calculation, could help eliminate the influence of any possible systematic variation in risk estimation. It would be unlikely, however, to eliminate the influence of unmeasured risk. This situation is not unlike the current situation in quality monitoring where it must be determined whether risk-adjusted outcome variation (e.g. mortality) occurs as a result of altered quality of care or altered case-mix.
Strengths of this study are that, to our knowledge, there is no other study that has looked specifically at the effect of early changes in peri-operative risk on long-term mortality. Our findings suggest that the patient peri-operative experience may have a long-lasting effect on their survival. Unlike other factors associated with long-term mortality, the majority of which represent baseline pre-operative risks, ARC may be modifiable. We used two high-quality databases to generate our data. Sensitivity analyses showed our findings were robust to examination using different statistical techniques. In addition, many of the other risk factors found to be associated with long-term mortality were similar to those reported in other studies, and of similar magnitude [10] , implying external validity of our findings. This suggests that our results may be applicable outside Australia and New Zealand.
Additional limitations of the study should be addressed. APACHE-3 has been criticised for its ability to predict outcomes in cardiac patients. However, when recalibrated for procedure type, we found it to be both a discriminative and well-calibrated test [13] . Other ICU risk estimation scores have since been developed specifically for cardiac surgery and could be used in future [26] . Acute risk change requires the collection of two risk scores, currently not collected in any single database. However, many hospitals collect both datasets and a regular database match or the collection of additional data between databases would be a feasible option. Although the AusScore has been derived solely for use in Australia and New Zealand, it uses similar prognostic variables to other cardiac surgery risk tools such as EuroSCORE-2 (Supporting Information, Table S4 ). It is, therefore, possible that the principles underlying ARC would be applicable in other regions. This study required probabilistic matching of two databases, and it is possible that matched patients were not representative of the general population. However, we achieved approximately 95% database match and characteristics were similar between groups. Patients with the very lowest ARC values had higher mortality than those with moderately low ARC values. This may represent the initial high baseline risk required to generate a low ARC and may limit the use of ARC to discriminate outlier units with different patient risk profiles. Acute risk change is only relevant to those patients who are admitted to ICU after cardiac surgery and has not been investigated in patients who are already in the ICU and undergo cardiac surgery or in patients who are not admitted to ICU after cardiac surgery. Although the utility and value of ARC appear to be robust across multiple analyses, it is a new concept and requires external validation and peer review.
Acute risk change is a new concept of acute mortality risk change between the pre-and postoperative periods. A rising ARC is independently associated with long-term mortality. This may represent a combination of noise, adverse peri-operative occurrences (avoidable and unavoidable) and unmeasured patient risk. Further work should focus on the development of risk estimation using shared variables between preoperative and postoperative estimation and characterisation of the intra-operative and other factors that lead to high ARC values. This may identify new targets for improvement in care pathways. 
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Supporting Information
Additional Supporting Information may be found in the online version of this article: Figure S1 . Calibration plots for pre-operative risk of hospital mortality using AusScore (upper) and postoperative risk of hospital mortality using APACHE-3 and a procedural variable (lower). Figure S2 . One-year mortality stratified by ARC (acute risk change), with low, intermediate and high baseline mortality risk groups (< 1% pink bars, 1-2% yellow bars and > 2% green bars risk of hospital mortality, respectively). Horizontal axis represents ARC as a percentage. Table S1 . Logistic regression model for ARC % (as a continuous variable). Table S2 . Cox proportional hazard model using ARC % (as a continuous variable). Table S3 . Summary of balance for covariates after propensity matching. Table S4 . Variables in AusScore (all procedures variant) vs. EuroSCORE-2.
